The method that is probably the most commonly used worldwide for the determination of total organic isocyanates (NCO) in air is the Health and Safety Executive method, MDHS 25/3, Organic Isocyanates in Air, and its variants. This paper summarizes some of the research and development work carried out by Health and Safety Laboratory on this method since its publication in 1999 with the eventual aim of incorporating this work in an updated version of MDHS 25 (i.e. MDHS 25/4). The work falls into two main areas: use of liquid chromatography/ mass spectrometry (LC/MS) as an alternative to liquid chromatography with electrochemical and ultraviolet/visible detection (LC/EC/UV) and evaluation of 'solid-phase' sampling techniques as an alternative to the impinger-filter combination stated in MDHS 25/3. This paper deals primarily with HDI-based NCO but some comments regarding aromatic NCO (MDI and TDI) are included for completeness. An LC/MS/MS version of MDHS 25/3 has been developed that gives improved performance to the 'classical' version of MDHS 25/3 using EC/UV detection. The LC/ MS/MS offers significant advantages over the EC/UV version of MDHS 25/3 in that it is more sensitive, provides improved identification, and has been found to be easier to use. The solid-phase samplers evaluated were a double-thickness glass-fibre (GF/B) filter coated with 1-(2-methoxyphenyl)piperazine (MP) reagent in an IOM (Institute of Occupational Medicine) sampling head ('FIN-MP' sampler) and an MP-impregnated polyurethane foam sponge (PUF) with an MP-coated glass-fibre (GF/A) backup filter also in an IOM sampling head ('Rudzinski' sampler). Both samplers were found to give acceptable performance for the sampling of oligomeric HDI in workplace air and in laboratory simulations when compared to the impinger-filter combination at levels corresponding to the UK short-term limit (70 mg m 23 ). For practical reasons, the FIN-MP sampler was the preferred alternative.
INTRODUCTION TO MDHS 25/3
Isocyanates (NCO) are highly reactive molecules used widely in industry, e.g. polyurethane paints, foams, plastics, and adhesives. They are known respiratory sensitizers and are one of the major causes of occupational asthma in Great Britain (HSE, 2009 ). Exposure to NCO occurs by inhalation and by skin contact. In Great Britain, Health and Safety Executive (HSE) has a long-term workplace exposure limit (8 h time-weighted average reference period) set at 20 lg m À3 and a short-term limit (STEL; 15 min sampling period) set at 70 lg m À3 for workplace air (HSE, 2007) . This limit is for total isocyanates, i.e. mono-NCO, monomeric diisocyanates (di-NCO), and all oligomeric isocyanates (also called poly, polymeric, oligomeric, or prepolymeric NCO). The Health and Safety Laboratory (HSL) is the scientific agency of HSE and has been involved in developing analytical methods for airborne NCO for .20 years (e.g. Warwick et al., 1981; Bagon et al., 1984) . The method that is probably the most commonly used worldwide for the determination of organic NCO in air is the HSE method, MDHS 25/3, Organic Isocyanates in Air (HSE, 1999) , one of the HSE Methods for the Determination of Hazardous Substances series, and its variants, e.g. International Standards Organization method 16702:2007 16702: (ISO, 2007 . This method traps the NCO with 1-(2-methoxyphenyl)piperazine (MP) reagent to form stable urea derivatives by drawing workplace air through an impinger containing MP solution and/or through an MP-impregnated glassfibre filter (GF/A). Determination of the derivatized NCO uses liquid chromatography (LC) coupled to an electrochemical (EC) detector to quantify oligomeric isocyanates (oligo-NCO) and an ultraviolet/ visible detector to quantify monomeric di-NCO using the MP-derivatized NCO monomers as calibrants. This method has been found to be suitable for NCO-containing substances (HSE, 1999; ISO, 2007) and has been discussed elsewhere (White, 2006) .
The purpose of this current paper is to summarize some of the research and development work carried out by HSL on this method since its latest publication in 1999 with the eventual aim of incorporating this work in an updated version of MDHS 25 (i.e. MDHS 25/4). The work falls into two main areas: use of liquid chromatography/mass spectrometry (LC/MS) as an alternative to LC/EC/UV and evaluation of 'solid-phase' sampling techniques as an alternative to the impinger-filter combination.
LC/MS is an extremely sensitive and selective technique that is widely used in analytical chemistry.
Several groups have described the application of LC, MS, and the combination of LC/MS to the determination of airborne isocyanates using a variety of NCO-derivatizing reagents, MS sources, and LC types (e.g. White et al., 1997; Karlsson et al., 2000; Molander et al., 2000; Henriks-Eckerman et al., 2002; Ö stin et al., 2002; Gagné et al., 2003; Vangronsveld and Mandel, 2003; Marand et al., 2004; Warburton et al., 2005; Henneken et al., 2007; Fent et al., 2008) . The work carried out at HSL to develop a version of MDHS 25/3 using triple quadrupole MS is reported here. Further details of the MS work carried out by HSL to develop MDHS 25/3 are available elsewhere (White, 2003; Pengelly et al., 2007; White et al., 2007a White et al., ,b, 2008 .
The current version of MDHS 25 recommends that personal sampling for isocyanate aerosols be carried out with an impinger filled with MP solution. The reasons for this recommendation and associated references were given elsewhere (Piney et al., 2002; White, 2006) . However, it is acknowledged that toluene-filled impingers are difficult to use for personal monitoring for both practical and safety reasons. Because of this, several groups have researched the limitations and applicability of filter-only sampling methods (England et al., 2000; Rudzinski et al., 2001; Bello et al., 2002; Ekman et al., 2002; Sennbro et al., 2004b; Dabill et al., 2005) . The work carried at HSL comparing alternative sampling devices for NCO aerosols is reported here. For static sampling, risks from toluene for the impinger-filter sampler are lower and so this sampler is still appropriate.
EXPERIMENTAL

Reagents
Solvents used (acetonitrile, methanol, and toluene) were of LC grade or better (Rathburns, Walkerburn, UK or Fisher Scientific, Loughborough, UK). Buffers were prepared using water purified in-house using an Elgastat UHQ II system (Millipore Ltd, Watford, UK). Acetic acid, acetic anhydride, formic acid, sodium formate, sodium acetate, MP, 1-(2-ethoxyphenyl)-piperazine (EP), toluene 2,6-diisocyanate and toluene 2,4-diisocyanate (TDI), 1,6-(diisocyanato)hexane (HDI), and 4,49-methylenebis(phenyl isocyanate) (MDI) were purchased from Aldrich Chemical Co, Poole, UK. Industrial isocyanate products (oligomeric NCO) were kindly supplied by Huntsman Polyurethanes, Everslaan, Belgium; Bayer, Pittsburgh, USA; and Bayer, Leverkusen, Germany; or were purchased from Aldrich Chemical Co. Other oligo-NCO were obtained from workplaces by HSL's field scientists as part of HSE's normal enforcement activities. MP and EP derivatives of NCO were prepared at the HSL from the relevant monomeric, oligomeric NCO, or NCO formulation and cleaned up by preparative LC where appropriate. Deuterated (d3-on the oxymethyl (-O-CD 3 ) group of the MP) NCO derivatives were purchased from Ramidus AB, Lund, Sweden. Calibration standard solutions were made by gravimetrically spiking MP-coated GF/A with a previously characterized NCO oligomeric formulation.
Paints used in the motor vehicle repair (MVR) body shop and at HSL were 2-pack aliphatic NCObased paints purchased from Hallam Factors, Sheffield, UK. These were a 2-pack Topcoat/Lacquer and a 2-pack Primer. The Topcoat/Lacquer consisted of the NCO-containing Topcoat (primarily HDI-biuret and HDI-dimer, $50 and 30% of the NCO content, respectively), the Lacquer (a mix of resins in a hydrocarbon solvent), and white spirit-based thinners. The Topcoat was found, by titration, to have an NCO content of $6.4% 
Development of the LC/MS method
Solutions of NCO-MP derivatives were infused into the MS to optimize the instrument settings. LC conditions were adjusted to give both satisfactory chromatographic separation and an acceptable run time. A multiple reaction mode (MRM) MS method was developed (Pengelly et al., 2007) . For the HDI and MDI variants of the method, the transitions monitored are reported in Tables 1 and 2 and example chromatograms in Figs 1 and 2. The large broad peak at $34.45 min in the MDI-EP (Internal Standard) in Fig. 1 is caused by isobaric impurities eluting with the LC gradient. Chromatography-related reasons for the use of EP derivatives as internal standards are given elsewhere (Dabill et al., 2005) . In addition to these reasons, the EP derivatives have the advantage for MS purposes of having different masses (m/ zþ) compared with the MP derivatives and so minimize isobaric interferences, i.e. MS 'bleed' sometimes seen with deuterated internal standards. Deuterated (d6) di-NCO-MP derivatives have also been used successfully as internal standards (HSL, unpublished data). Samples taken during routine Fig. 3 . A series of MP-doped GF/A filters were spiked with solutions of oligo-NCO in toluene (oligo-MDI, Bevedan; Minova Ltd, UK, and oligo-HDI-a mixture, prepared at HSL, of Desmodur H, Desmodur N 100, and Desmodur N 3300, Bayer). The oligo-NCO solutions were prepared and spiked onto the filters on the same day. The more dilute spiking solutions were prepared by serial dilution of the concentrated spiking solutions. A spiking range of $10-1000 ng NCO per filter was used and six filters were spiked at each level. The spiked filters were left for 1 h, then 2 ml of the MP-in-toluene solution used to prepare the MP-coated filters (10 mg ml À1 ) was added to simulate field desorption. The spiked filters were then processed as described in MDHS 25/3 and after different storage periods were analysed by LC/ MS/MS to give the method performance data shown in Table 3 .
The oligo-NCO were characterized by titration (to get % NCO content) and LC/EC/UV analysis (to get composition, i.e. relative percentages of the different NCO species using the relative EC peak areas and assuming an equivalent EC response for each MPderivatized NCO group). The characterization process is discussed more fully elsewhere (White, 2006) . In addition, the compositions calculated were checked using oligo-MP 'standards', e.g. HDI-biuret-MP and HDI-isocyanurate-MP, prepared at HSL, where these were available. The oligo-HDI mix was found to be $26% HDI-monomer, $16% HDI-biuret, $50% HDI-isocyanurate, and $3% HDI-diisocyanurate, with the remainder ($5%) composed of other forms of oligo-HDI. The oligo-MDI mix was found to be $2% 2,29-and 2,49-MDI, $61% 4,49-MDI, $31% 3-ring MDI (various isomers, based on an average response factor derived from the largest 3-ring peak) with the remainder ($6%) made up of higher ring forms of MDI (4-ring, 5-ring, etc.).
Evaluation of samplers
Three types of sampler were investigated: the MDHS 25/3 method, an MP solution-filled impinger with an MP-coated backup GF/A filter; the 'FIN-MP' method, an MP-coated GF/B filter (also called 'thick filter' or 'double filter' method); and the 'Rudzinski' method, an MP-impregnated PUF with an MP-coated GF/A backup. MDHS 25/3 (HSE, 1999) uses an impinger with $10 ml of MP solution (50 lg ml À1 MP solution in toluene) with an MP-coated GF/A backup filter (spiked with 200 ll of 10 mg ml À1 MP solution in toluene) in a Swinnex sampling head at a sampling rate of 1 l min
À1
. In these experiments, after sampling, 2 ml of the MP-in-toluene solution used to prepare the MP-coated filters (10 mg ml À1 MP solution in toluene) was added to simulate field desorption [note: this is a deviation from MDHS 25/3, which states 2 ml of impinger solution (50 lg ml
) is used for field desorption]. After allowing to stand for $2 h, the toluene solution is evaporated to dryness under N 2 , the backup filter is added, and the sample processed as necessary (HSE, 1999) . The sample is desorbed into 2 ml of acetonitrile prior to analysis. The FIN-MP method (Henriks-Eckerman et al., 2000; Kääriä et al., 2001a,b; Sennbro et al., 2004a,b; Mattsson et al., 2008) uses a GF/B filter (or 2Â GF/A filters in some versions), which is an approximately double-thickness filter, spiked with 2Â the amount of MP used for the preparation of MP-spiked GF/A described in MDHS 25/3 (400 ll of 10 mg ml À1 MP solution in toluene). The filter is placed in an IOM head and pumped at a sampling rate of 2 l min
. In these experiments, after sampling, 2 ml of the MPin-toluene solution used to prepare the MP-coated filters (10 mg ml À1 MP solution in toluene) was added to simulate field desorption. After allowing to stand for $2 h, the toluene solution is evaporated to dryness under N 2 , and the filter is then extracted with 5 ml of acetonitrile. The extract is evaporated to dryness under N 2 and the sample processed as necessary before being desorbed into 2 ml of acetonitrile prior to analysis.
The Rudzinski sampler (Rudzinski et al., 1998 (Rudzinski et al., , 1999 (Rudzinski et al., , 2001 , as used in this work, is a PUF sampler, spiked with 3 ml of MP reagent solution (10 mg ml À1 MP solution in toluene), allowed to dry and then placed in an IOM head with a backup MP-impregnated GF/A prepared as described for MDHS 25/3. The sampling rate used for this sampler was 2 l min
. In these experiments, after sampling, 2 ml of the MP-in-toluene solution used to prepare the MPcoated filters (10 mg ml À1 MP solution in toluene) was added to simulate field desorption. After allowing to stand for $2 h, the toluene solution was evaporated to dryness under N 2 , and the PUF sampler and backup filter were then extracted with 10 ml of acetonitrile. The extract is evaporated to dryness under N 2 and the sample processed as necessary before being desorbed into 2 ml of acetonitrile prior to analysis.
The following six tests were carried out to evaluate the three samplers:
Test 1-Spiking experiment using Topcoat/Lacquer. Test 2-'Worst Case' Spiking experiment using Primer. Test 3-MVR body shop, spraying and sampling time varied with job. Test 4-HSL Spray room, 2 min spray time (Primer), 90 min sample time. During this experiment, the primer was clearly visible on the GF/B filters prior to desorption, i.e. they were heavily loaded. Test 5-HSL Spray room, 2 min spray time (Topcoat/Lacquer), 50 min sampling time. Test 6-HSL Spray room, 2 min spray time (Topcoat/Lacquer), 60 min sampling time. During this experiment, the samplers were all placed in front of the car bonnet (i.e. they were heavily loaded).
The spiking experiments (Tests 1 and 2) were carried out to check recoveries and, in the case of Test 2, as a worst case scenario. NCO-based paints were mixed and then spiked onto the filter and the samples were processed as described in MDHS 25/3. In Test 1, the two solid-state samplers (PUF /GF/A, Rudzinski and GF/B, FIN-MP) were spiked at levels of between 0.1 and 5 lg NCO/sampler and then 'field-desorbed' into MP solution (10 mg ml À1 MP solution in toluene) $5 min after spiking. Field desorption, prior to transport to the analytical laboratory, has been shown to be important for some NCO species (HSL, unpublished data; Karoly, 1998) . The standard MDHS 25/3 impinger-filter combination was also spiked at these levels (NCO spiked into the impinger MP solution), the backup filter added to this solution $5 min after spiking, and then field-desorbed into MP solution (10 mg ml À1 MP solution in toluene) and processed as described in MDHS 25/3. Probable causes of sample loss for solid-state samplers have been identified as follows: local depletion of reagent on the sampler, clogging of the sampler-leading to pump failure, and film formation on the sampler-leading to self-reaction and curing of the paint after sampling.
Test 2 was designed as a worst case experiment to investigate the potential of these effects to cause flaws in sampling. An NCO-based primer was mixed according to the supplier's instructions (Primer is a 2-pack product consisting of 2:1 solvent-based paint:NCO-containing hardener) and then spiking (250 ll) was carried out on the trio of samplers as described for Test 1. The primer used was observed to 'skin over' much more rapidly than the Topcoat/ Lacquer. The primer formed a skin in 10 min and was dry to the touch after 1 h. The primer was also more viscous than the Lacquer and formed distinct 'blobs' when spiked onto the solid-state samplers, suggesting a strong possibility of local depletion and self-reaction effects, i.e. for the solid-state samplers, FIN-MP and Rudzinski, the majority of material in the blob is not physically in contact with the MP-coated filter. The samplers were left in the laboratory at room temperature for 4 h before 'fielddesorbing' into MP to allow a good possibility of self-reaction and curing. The results of this work are given in Table 5 and Figs 4 and 5.
In the spraying tests, Tests 3-6, air samples were taken either at an MVR body shop during spray painting or during simulated spray-painting activities carried out in a spray room at HSL, Buxton. The HSL spray room has an automatic paint-spraying system, designed and built by HSL, and is described more fully elsewhere . Sampling was carried out using a trio of the three types of sampler under evaluation at each sampling point. Analysis was carried out as described in MDHS 25/3 or using the LC/MS/MS variant routinely used at HSL (Pengelly et al., 2007) .
In Tests 3, 4, and 5, the sampler trios were placed at various points in the spray room. Tests 4-6 give results for the sampler trios taken during spraypainting simulations carried out at HSL. In Test 6, the sampler trios were all placed in front of the bonnet to investigate the effect of heavy loading on the samplers. In the HSL simulations, spraying was carried out for 2 min, followed by at least 30 min 'clearance time' for the spray room. All the samples were then field-desorbed into MP solution. For the MVR work, sampling times were dependent upon the job and varied from $30 to $60 min. Tables 1 and 2 give the MRM transitions monitored for the most commonly encountered oligo-HDI and oligo-MDI species. These ions should account for almost all of the isocyanate content in the majority of workplace air samples. Similar methods for isophorone diisocyanate (IPDI), toluene diisocyanate (TDI), and their oligomeric species have been developed at HSL. It is good practice to run an MP-derivatized bulk sample using the LC/MS/MS in scan or precursor ion scan mode (e.g. precursors of 193 m/zþ, scan range 200-1800 m/zþ) to ensure that all NCO species have been identified (White et al., 2007a) . Other transitions should be added into the MRM method used for quantification of the samples as indicated by the results of these scan runs, e.g. protonated MDI-dimer MP derivative, transition 885.7 . 193; this species is seen in aged MDI formulations and IP-DI isomers sometimes are found in predominantly HDI-based formulations. Additional information, to assist in correct identification of NCO-derived species, is provided by characterization of the MP-derivatized bulk using LC/EC/UV as described previously (White, 2006) . If thermal degradation of the NCO is suspected, pyrolysis gas chromatography/ mass spectrometry (pyr GC/MS) of the underivatized NCO-containing material is a useful supplementary technique (e.g. Boutin et al., 2003; White et al., 2007a) . Figure 3 shows a comparison of results obtained using classical MDHS 25/3 with EC/UV detection and the MS/MS variant. Good agreement is seen between the two methods. It should be noted that the results of the LC/EC/UV determination of the oligo-NCO calibration mix are used as part of the calculation of the amounts of NCO present in the LC/MS calibration standards and so this close correlation of methods is, perhaps, not unexpected. Table 3 gives the results of the spiking and storage work. The results for the lowest spiking level are generally poor with very high (.100%) recoveries. The reasons for these unacceptably high recoveries are addressed later. The second lowest spiking level gave high recovery results ($125%) for both analytes and storage times. The second highest and highest spiking levels gave acceptable recoveries (average recovery calculated as 95 -10% relative standard deviation, n 5 8) for both analytes and storage times. These results suggest that with these calibrations, i.e. 5-5125 ng NCO/filter for oligo-MDI and 2-2176 ng NCO/filter for oligo-HDI, the method is best regarded as semi-quantitative at loadings below $50 ng NCO/ filter. This empirically derived value for the limit of quantification (E-LOQ) is of the same order as the E-LOQ (from signal-to-noise calculations on the lowest calibration standards used, typically an $50 ng NCO/ml solution) commonly obtained at HSL for the 'classical' LC/EC/UV method, i.e. $50 ng NCO/ml of extract, which corresponds to $100 ng NCO/sample (White et al., 2007a) . An E-LOQ of $50 ng NCO/filter corresponds to $0.05Â the STEL. The levels used to validate MDHS 25/3 were 2Â, 1Â, 0.5Â, and 0.1Â the UK STEL, corresponding to 2100, 1050, 525, and 105 ng NCO/filter (HSE, 1999; White, 2006) . Although the E-LOQ quoted above for the LC/ MS/MS method is comparable with that commonly obtained for MDHS 25/3, it is much higher than performance data given by other workers using MP-based LC/MS/MS methods. For example, Vangronsveld and Mandel (2003) and Gagné et al. (2005) have reported limits of detection (LODs) of $0.4 and $0.1 ng NCO/ filter, respectively (assuming a 2-ml desorption volume). Further examination of the chromatograms and calibration curves for the spiking experiments suggested that the relative high E-LOQ was caused by limitations in the linearity of the calibration curve at the lower two spiking levels. This effect is common for linear regression where the line fitted is over-influenced by the higher points on the curve. Weighting the lower points can counteract this tendency but is also not without problems. This effect means that any deviation of the spiking results from the calculated calibration line is over-exaggerated, in addition to the more variable results that may be reasonably expected for the low-level spikes. This hypothesis was tested by reanalysing the extracts obtained from the lowest spiking level experiments reported above using calibration curves covering a lower concentration range, i.e. oligo-MDI: 0, $4, $8, and $33 ng NCO/filter and oligo-HDI: 0, $2, $4, and $8 ng NCO/filter. The instrument settings and parameters were unchanged. The results of this work are given in Table 4 and show a marked improvement when compared with the results given for these extracts in Table 3 . This suggests that the unacceptably high recoveries quoted in Table 3 for this lowest spiking level are in fact due to limitations in the linearity of the higher level calibration curve at this low level. An E-LOQ of $1 ng NCO/sample (corresponding to $0.001Â the STEL) was calculated, from signal-to-noise calculations, using the results of this low-level calibration work. The calibration range used in the initial spiking work covered the range of NCO that is usually encountered for workplace sampling.
RESULTS AND DISCUSSION
LC/MS method
The triple quadrupole method for monomeric HDI-MP gave a limit of quantification (LOQ), defined as 10 times the standard deviation of six blank determinations (HSE, 1999; ISO, 2007) of $2 ng NCO/sample, and an LOD, defined as 3 times the standard deviation of six blank determinations (HSE, 1999; ISO, 2007) of $0.5 ng NCO/sample (Pengelly et al., 2007) . The discrepancy between the LOQ, as determined from the analysis of blank MP-doped GF/A filters, and that of the E-LOQ from the initial set of oligo-NCO filter spiking experiments is because of the different procedures for working out these values and the calibration problems at the low spiking level as discussed above. The values quoted in MDHS 25/3 (HSE, 1999) for the classical LC/EC/UV method were as follows: LOQ $4 ng NCO/sample and LOD $1 ng NCO/sample. These values were for quantification using the EC detector only, i.e. without UV confirmation because these levels are below the UV LOD.
Evaluation of samplers
For the data shown in Table 5 , Test 1 showed that all three methods gave acceptable recovery for this HDI formulation over the range spiked (0.1-5 lg NCO).
Test 2 was expected to show lower recoveries for the solid-state samplers (Rudzinski and FIN-MP) because of local depletion of the MP reagent on the filter (because of the high amount of NCO spiked) and self-reaction/curing and other side reactions (because of the delay before the samples were field-desorbed and the observed 'blobbing' of the spike). In fact, the results for these samplers were not significantly different to the standard MDHS 25/3 method and all three sampling trains had recoveries that were not significantly different from each other or 100%.
The amounts of NCO for the highest spikes for this experiment were in Sample 3 (see Table 5 ) and were found to be 1186 lg NCO for the MDHS 25/3 sampling train, 1203 lg NCO for the FIN-MP sampler, and 1385 lg NCO/sampler for the Rudzinski sampler. From the information given in the 'Evaluation of samplers' part of the Experimental section, it can be calculated that the MDHS 25/3 impingerfilter sampling train contains the following amounts of MP reagent: impinger solvent, 0.5 mg; filter, 2 mg; and 'field desorption solution', 20 mg (note: in the unmodified version of MDHS 25/3, this is 0.1 mg); total 22.5 mg. For the FIN-MP sampler, the amounts of MP reagent present are as follows: filter, 4 mg; field desorption solution, 20 mg; total 24 mg. For the Rudzinski sampler, the amounts of MP reagent present are as follows: PUF, 30 mg; filter, 2 mg; field desorption solution, 20 mg; total 52 mg. The 'relative molecular mass' of the NCO group is 42, the molecular weight of the MP reagent is 192.19, and the reaction is a 1:1 correlation (NCO/MP) so each 1 mg of NCO will require $4.58 mg of MP to derivatize it (assuming a 100% reaction efficiency). This means that the highest amount of NCO found in Sample 3 (1385 lg NCO for the Rudzinski sampler) would require $6.34 mg of MP reagent to derivatize it fully. Similarly, for Sample 3, for the MDHS 25/3 sampler requires $5.43 mg MP and for the FIN-MP sampler $5.50 mg MP. Looking at the amounts of MP on the various parts of the samplers as described above, it can be seen that there is an $5-fold excess of MP reagent on the PUF part of the Rudzinski sampler, the filter part of the FIN-MP has $72% of the MP reagent required to derivatize the NCO spike and the impinger part of the MDHS 25/3 sampling train has $9% of the MP reagent required to derivatize the NCO spike. It can be seen that for the MDHS 25/3 sampling train and to a lesser extent the FIN-MP sampler relies on the addition of the field desorption solution to derivatize a significant proportion of the NCO spike. For Test 2, this field desorption solution was not added until 4 h after spiking. These results suggest that, for this HDI formulation, losses because of the processes mentioned above are not significant over a typical sampling time frame ($4 h). This is probably because of the rapid nature of the derivatizing reaction (MP þ NCO) in comparison with the relative slower curing reactions, e.g. with water and polyols for the aliphatic NCO. It is acknowledged that this study only looked at a few of the many aliphatic NCO paint systems in the market.
Spiking the mixed NCO formulation onto the filter or into the impinger solution may present the NCO with different conditions for the derivatization reaction with the MP reagent to those experienced during workplace air sampling. An alternative way of measuring the amount of curing and 'self-reaction', suggested during the refereeing process for this paper, would have been to spike the mixed primer onto a reagentless filter, i.e. not spiked with MP, leave at room temperature for 4 h, then 'field-desorb' into MP. It is to be expected that this experiment would also give very good ($100%) recoveries of the NCO, if, as is suggested above, curing of the HDIbased products is slow at room temperature. This experiment could not be carried out due to technical reasons.
Particle size distribution and filter load are also important variables to be considered. The solid-state samplers (Rudzinski and FIN-MP) use the IOM sampling head, whereas MDHS 25/3 uses an impingerfilter sampling train. It is assumed that the differences in performance are caused by the collection media and not the sampling heads. The high-volume lowpressure (HVLP) gun used in this work typically produces aerosol particle sizes of 12-15 lm with few fine (,2 lm) particles (data from DeVilbiss/SATA websites and from discussions with gun manufacturers and HSL staff). This particle size range should be collected efficiently by both the impinger and the IOM (Hext et al., 2003) . The performance of a spray gun is dependent on many factors, e.g. maintenance, but it is assumed that the HVLP gun used in this work did not produce many large particles ($100 lm) or very fine particles (,2 lm) that would be inefficiently collected by the sampling systems used.
The data given in Table 5 suggested that the solidstate samplers may be of use for sampling airborne HDI-based NCO as used in MVR spraying. This theory was investigated in Tests 3-6.
The results for the airborne monitoring of HDIbased NCO (Experiments 3-6) using the solid-state samplers (Rudzinski and FIN-MP) were plotted against those for the standard impinger-filter method MDHS 25/3, see Visual examination of the two plots shows that the test methods are well correlated with the standard method at up to $200 lg NCO m À3 . At levels higher than this, the Rudzinski method appears to either slightly over-report (Experiment 4) or under-report (Experiment 3) relative to MDHS 25/3. An examination of the data (Table 5) suggests that factors other than sampling efficiency may be important, e.g. experimental set-up and paint type. In a workplace situation, these high loadings, i.e. .200 lg NCO m À3 , would require some intervention to secure regulatory compliance and so such under-reporting is not considered to be a critical flaw in the method. At these higher loadings, the FIN-MP sampler appears to give a better correlation with the MDHS 25/3 sampler although it must be stressed that a relatively limited number of experiments were carried out.
Statistical comparisons of the two test methods (FIN-MP and Rudzinski) with the standard method (MDHS 25/3) found that there was no statistical difference between these methods {Wilcoxon signed rank test, using the SigmaStat software package The behaviour of the data can also be examined using linear regression. Figure 4 and accompanying linear regression statistics show some correlation between the results obtained by the Rudzinski sampler and MDHS 25/3. The calibration curve, for a linear fit, (y 5 mx, i.e. forced through the origin (0,0)) has a slope 5 0.557, with an R 2 5 0.350). Excluding values .100 lg NCO m À3 (approximately the level of the UK STEL) gave greatly improved slope and R 2 values of 1.014 and 0.972, respectively. These findings suggest that the Rudzinski sampler is a possible alternative to the impinger-filter combination used in MDHS 25/3 but more work would be required to fully validate this approach. The use of PUF as samplers for respirable dust has been commented on elsewhere (Kenny et al., 2001; De Vocht et al., 2009) . Preliminary work describing the development of an MP-coated PUF sampler for size-selective sampling of NCO aerosols has been reported recently (Huynh and Duc, 2009 ).
The results given in Fig. 5 and accompanying linear regression statistics for the comparison of MDHS 25/ 3 and the FIN-MP sampler show an acceptable correlation. Over the whole concentration range, the results for the FIN-MP method give a better match to the reference method (MDHS 25/3) than those for the Rudzinski method. Over the whole concentration range, the slope of the plot of the FIN-MP sampler against the MDHS 25/3 sampler [y 5 mx, i.e. forced through the origin (0,0)] has a slope 5 0.899, with an R 2 5 0.954. The MP-impregnated GF/B filters are easier to prepare, store, and use than the MP-coated PUF samplers (from discussions with HSL sampling officers and personal experience). Inspection of the plot for MDHS 25/3 against FIN-MP (Fig. 5) showed that the slope of this plot is strongly affected by the two highest points plotted, both of which were from Test 3 (the MVR body shop). Removal of these two points gave a line with the following statistics, slope 5 1.068, R 2 5 0.970. Hence, for the formulations studied, the results suggest that the FIN-MP sampler can be successfully used for workplace air sampling of NCO in MVR body shops. The use of the IOM sampling head for sampling inhalable dust has been described elsewhere (HSE, 2000) .
CONCLUSIONS
The LC/MS/MS method was found to give at least equivalent performance to MDHS 25/3 using EC/UV detection depending on the calibration range chosen. The LC/MS/MS offers significant advantages over the classical EC/UV version of MDHS 25/3 in that it provides improved identification and has been found to be easier to use and is easier to train new staff to use. With a specific low-level calibration, the LC/ MS/MS method was found to have a significantly better (lower) E-LOQ when compared to the E-LOQ of the LC/EC/UV method (MDHS 25/3) by a factor of $100Â, i.e. E-LOQ for MDHS 25/3 100 ng NCO/ sample and E-LOQ for MS (MRM) method with low-level calibration $1 ng NCO/sample.
One disadvantage of the LC/MS/MS method or indeed any MRM/selected ion monitoring method in comparison to the LC/EC/UV method is that the MS detector will only 'see' the ions/transitions that have been entered into the method, i.e. some prior knowledge of the composition is required before the MS quantification parameters are set. It is strongly recommended that an MP-derivatized bulk should be analysed before the quantification run to assist in the identification of all NCO species present, i.e. in full scan MS or precursor scan MS modes. Other confirmatory techniques, e.g. pyrolysis GC/ MS, may also be of use. The 'universal' nature of the electro-active oxymethyl group (-OCH 3 ), i.e. this group is present in all MP-derivatized NCO (White, 2006) means that, in theory, all NCO-MP species, e.g. amino-isocyanates, will be detected. However, there is then the difficulty of correctly identifying these species using the EC and UV detector.
For sampling airborne NCO aerosols produced during the spraying of aliphatic NCO-based paints, i.e. HDI or IPDI (and their oligomers and polymers), the use of the FIN-MP sampler (an MP-coated GF/B filter in an IOM head) appears to be a suitable alternative to sampling using an MP-filled impinger backed by an MP-impregnated filter as described in MDHS 25/3. This would cover most of the workplace NCO samples routinely analysed by HSL, i.e. MVR body shops using HDI-based paints (Creely et al., 2006) .
Recommendations
Other groups have examined the effects of longterm sampling for the faster-reacting aromatic toluene diisocyanate (TDI) (Sennbro et al., 2004a; Mattsson et al., 2008) . These authors found that the FIN-MP method underestimated the NCO concentration by between 1.3 and 1.7 times depending on the study and TDI isomer in question. The use of the FIN-MP sampler for workplace monitoring has been reported previously (Sennbro et al., 2004a) .
HSL has carried out a limited amount of work comparing the FIN-MP sampler with the impingerfilter combination for workplace air sampling of oligo-MDI, e.g. pairs of static samplers used during application of polyurethane floor screeds, spraying of foam insulation, and during glueing of components (HSL, unpublished data). For the majority (not MDI-based foam insulation spraying) of these cases, the two methods were found to be equivalent. However, it should be noted that only low airborne concentrations of MDI were measured for the floor screed laying and glueing work. The finding that a filter-only method can significantly under-sample in comparison to the impinger-filter sampler for MDI-based foam insulation spraying has also been made by other workers (Lesage et al., 2007) . Further work is required at HSL to extend this method for other applications of the aromatic isocyanates, e.g. spraying.
The FIN-MP sampler is not recommended at present in the following circumstances:
sampling of aerosols of fast-curing NCO formulations, e.g. spray foams containing aromatic NCO such as MDI and TDI (and their oligomers and polymers), and long-term sampling of these aromatic NCO formulations (Booth et al., 2009) , sampling of very heavy NCO loadings (of aerosols of either aliphatic or aromatic NCO-based materials, i.e. including monomeric, oligomeric, and polymeric species) liable to clog the filter, and sampling of aerosols of exceptionally fast-curing aliphatic NCO formulations (e.g. rapidly catalysed) or very long-term sampling of heavy aliphatic NCO loadings where the risk of self-reaction, curing, and reaction with other chemicals present in the air is increased.
For sampling of such aerosols in the above circumstances, the FIN-MP (or equivalent solid-state sampler) is expected to under-report the amount of NCO present in the air and so the impinger-filter sampler remains the recommended sampling method.
It is recognized that this may not be practical in some cases, e.g. spraying of MDI insulation in large roof spaces such as barns where the worker has to move in confined and difficult-to-reach areas, and that the solid-state sampler may be the preferred option in such circumstances. In such cases, it is suggested that paired static samples are taken, i.e. FIN-MP and MDHS 25/3 impinger-filter samplers and the values of these two samplers compared to give an empirical correction factor. For large studies, or if a more accurate correction factor is desired, a full comparison of the sampling method against the reference method (usually MDHS 25/3) should be undertaken as described elsewhere, e.g. Sennbro et al., 2004a; Mattsson et al., 2008. Work at HSL (HSL, unpublished data) found sampling with either the FIN-MP or the MDHS 25/3 impinger-filter sampler was extremely difficult in some MDI-spraying applications and in these cases the use of biological monitoring as a measure of exposure control should be considered (Creely et al., 2006; Säkkinen et al., 2011) .
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